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ABSTRACT
Supernovae (SNe) drive multiphase galactic outflows, impacting galaxy formation; however, cosmo-
logical simulations mostly use ad hoc feedback models for outflows, making outflow-related predictions
from first principles problematic. Recent small-box simulations resolve individual SNe remnants in
the interstellar medium (ISM), naturally driving outflows and permitting a determination of the wind
loading factors of energy ηE , mass ηm, and metals ηZ . In this Letter, we compile small-box results,
and find consensus that the hot outflows are much more powerful than the cool outflows: (i) their
energy flux is 2-20 times greater, and (ii) their specific energy es,h is 10-1000 times higher. Moreover,
the properties of hot outflows are remarkably simple: es,h ∝ ηE,h/ηm,h is almost invariant over four
orders of magnitude of star formation surface density. Also, we find tentatively that ηE,h/ηZ,h ∼
0.5. If corroborated by more simulation data, these correlations reduce the three hot phase loading
factors into one. Finally, this one parameter is closely related to whether the ISM has a “breakout”
condition. The narrow range of es,h indicates that hot outflows cannot escape dark matter halos
with log Mhalo [M] & 12. This mass is also where the galaxy mass-metallicity relation reaches its
plateau, implying a deep connection between hot outflows and galaxy formation. We argue that hot
outflows should be included explicitly in cosmological simulations and (semi-)analytic modeling of
galaxy formation.
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1. INTRODUCTION
Supernovae (SNe) feedback is a critical ingredient in
galaxy formation (see recent reviews by Somerville &
Dave´ 2015; Naab & Ostriker 2017). SNe drive turbu-
lence into the ISM and launch galactic outflows, which
are key to understanding the inefficiency of star for-
mation (McKee & Ostriker 2007) and the metal loss
from galaxies (e.g. Tremonti et al. 2004; Peeples et al.
2014; Mac Low & Ferrara 1999). However, feedback
is arguably the least understood factor. Cosmological
simulations, using ad hoc models for SNe-driven feed-
back with fine-tuned parameters, cannot make feedback-
related predictions from first principles. Galactic out-
flows are diffuse and multiphase, posing observational
challenges(Veilleux et al. 2005); the evolution of multi-
phase gas is also an open question theoretically.
Corresponding author: Miao Li
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Recently, several groups have used 3D, kpc-scale sim-
ulations to investigate how SNe drive outflows from the
ISM. These simulations are generally able to resolve the
evolution of individual SNe remnants, which is critical
to reaching numerical convergence and obtaining a mul-
tiphase ISM (e.g. Kim & Ostriker 2015; Hu 2019). They
model either a patch of the galaxy disk of massive sys-
tems like the Milky Way, or an isolated dwarf galaxy.
The outflows, like the ISM, are multiphase, with typi-
cal temperature of 106−7 K, 104 K, and 102 K, termed
“hot”, “cool”, and “cold” phases. Different phases of
outflows have very distinct properties, such as densities,
velocities, and metallicities (e.g. Creasey et al. 2013; Li
et al. 2017; Kim & Ostriker 2018; Fielding et al. 2018;
Hu 2019). Therefore, the impact of different outflow
phases on galaxy formation should be very different.
This Letter summarizes results from recent small-box
simulations, highlighting that hot outflows are much
more powerful than cool outflows. We thus advocate
that hot outflows be employed explicitly and properly in
cosmological simulations. Furthermore, we find that the
hot outflows have simple scaling relations among their
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2Table 1. Data Source of Small-box Simulations
Reference h [kpc]a Code
Li et al. (2017) 1-2.5b Enzo
Kim & Ostriker (2018), 1 Athena MHD
& in prep
Fielding et al. (2018) 0.5 Athena
Hu (2019) 1 Gadget
Armillotta et al. (2019) 0.4 GIZMO
Martizzi et al. (2016) 0.13, 0.15, 0.25c RAMSES
Creasey et al. (2015) 0.5 FLASH
a height above the midplane where the outflows properties are
measured
b averaged
c for different runs
capacity to carry energy, mass and metals. The Let-
ter is organized as follows: we describe the small-box
simulations and define the loading factors in Section 2,
present the results in Section 3, discuss the implications
in Section 4, and summarize the findings and point to
future work in Section 5.
2. DATA
We focus on comparing different phases in the out-
flows from small-box simulations. Table 1 lists the data
sources of the small-box simulations that are used in this
Letter. The table includes all work to our knowledge
that reported the loading factors of outflows in differ-
ent phases. These investigations use many of the major
(magneto-)hydrodynamic codes in the field. They have
a length resolution of a parsec or a mass resolution of 10
M, generally capable of resolving the evolution of indi-
vidual SNe remnants before reaching the cooling stage.
This is necessary to avoid the overcooling problem, to
generate a multiphase ISM and outflows, and to con-
verge numerically (Simpson et al. 2015; Kim & Ostriker
2015; Hu 2019). This high resolution is currently not
achievable in cosmological simulations, except for the
smallest systems.
The outflows are measured above the midplane, at
a height of 0.1-2.5 kpc, which is listed in Table 1. For
each work, the measuring height is the same for different
phases of outflows.
Small-box simulations cover a wide range of gas sur-
face density Σgas, star formation surface density ΣSFR,
and mass surface density ΣM (which determines the
gravitational potential). These conditions are listed in
the extended version of Table 11, where new data can
be easily added when available.
1 https://github.com/limiao0611/loading-factors/wiki
The temperature division of hot and cool outflows in
different work is slightly different, but typically at a few
times 105 K. The results are insensitive to the exact
choice, since most mass is in well-divided temperature
ranges, i.e., hot outflows are at 106−7 K, and cool out-
flows around 104 K. The cold phase in outflows is very
minor, if existent at all, compared to the hot and cool
phases (Li et al. 2017; Hu 2019; Kim & Ostriker 2018;
Armillotta et al. 2019). So we focus on the hot and cool
phases in this Letter.
2.1. Loading factors
In small-box simulations, dimensionless “loading fac-
tors” are used to quantify the loading efficiencies of SNe-
driven outflows. The mass loading factor ηm and the
energy loading factor ηE are defined as follows:
ηm ≡ M˙out
M˙SFR
, (1)
ηE ≡ E˙out
E˙SN
=
E˙out
ESNM˙SFR/m∗
. (2)
where M˙out, E˙out are the outflow rate of mass and en-
ergy (including both thermal and kinetic), which are
measured from simulations; M˙SFR is the star formation
rate, m∗ is the mass of stars formed to produce one SN,
and ESN is the energy released by each SN.
The metal loading factor in the literature is defined in
two different ways, which stems from the fact that small-
box simulations usually only cover a short timescale
compared to the Hubble time, and thus begin with a
certain ISM metallicity ZISM. Therefore, metals in out-
flows come from two “origins”, that is, the metal mass
outflow rate
M˙Z,out = M˙Z,out,SN + M˙outZ¯ISM, (3)
where the first term on the right M˙Z,out,SN is the metal
outflow rate due to recent SNe enrichment, and the sec-
ond term is the metal outflow rate due to ZISM. As a
result, one way to define the metal loading factor is
η′Z ≡
M˙Z,out
M˙Z,SN
=
M˙Z,out
mZ,SNM˙SFR/m∗
, (4)
where M˙Z,SN is the production rate of metals by SNe,
and mZ,SN is the metal mass released to the ISM per
SN. This definition thus depends on ZISM. The other
way to define the metal loading factor is
ηZ ≡ M˙Z,out,SN
M˙Z,SN
. (5)
3This is simply the fraction of metals produced by SNe
that go into outflows, so is always < 1 and is indepen-
dent of ZISM adopted. The two metal-loading factors
are connected through
ηZ = η
′
Z − ηmZ¯ISM
m∗
mZ,SN
. (6)
We use ηZ in this Letter, and for work that reported η
′
Z ,
we convert it into ηZ using Eq. 6.
While the loading factors of hot outflows are almost
independent of height, those of cool outflows decline
quickly with increasing height within the small-box do-
main (Li et al. 2017; Kim & Ostriker 2018; Fielding et al.
2018; Hu 2019; Armillotta et al. 2019). This is because
the specific energy of the bulk cool outflows is compara-
ble to the gravitational potential from the midplane to
the measuring height (∼ kpc); the specific energy of hot
outflows, on the other hand, is much greater.
The three loading factors describe the mean properties
of outflows. We use the reported loading factors from
the small-box simulations. They are time-averaged val-
ues, and have an uncertainty of 10-20% when extracted
from the published figures.
3. RESULTS
One important quantifier of the outflow power is ηE ,
the faction of SN energy that goes into outflows. Fig.
1 shows ηE as a function of ΣSFR from various small-
box simulations. The red points indicate hot outflows
and the blue points show cool outflows. Each hot/cool
pair connected by a dash line is from one simulation
run (thus sharing the same ΣSFR). Clearly, for every
hot/cool pair, the hot outflows carry much more energy
than the cool outflows. The ratio of ηE between the hot
and the cool outflows ηE,h/ηE,c= 2–20, as shown in the
lower subplot. This indicates that hot outflows carry the
majority of the outflow energy flux. Not shown in the
plot are results from Fielding et al. (2018), in which SNe
are highly clustered in a molecular cloud and thus ΣSFR
is not well-defined (it is scale-dependent). Nevertheless,
their hot outflows have ηE,h0.1−0.5, and ηE,h/ηE,c=70-
4000 for the four breakout cases (Fielding, private com-
munication). This confirms that hot outflows dominate
the energy partition (actually even more so) when star
formation is highly concentrated.
One may notice that runs of similar ΣSFR can have
ηE different by a factor of up to 10. This can be be-
cause of the different gravitational potential adopted,
and/or the scale height of SNe; Σgas is not a major
factor since these simulations generally have their Σgas-
ΣSFR along the Kennicutt-Schmidt relation (Kennicutt
& Evans 2012). But the main point we focus on here is
Figure 1. Energy loading factor ηE as a function of ΣSFR,
for the hot (red) and cool (blue) outflows from small-box
simulations. Each pair connected by a dash line is from the
same run. The lower subplot shows the ratio of ηE between
the hot and cool outflows, which is 2–20. Hot outflows always
carry the majority of the outflow energy.
that in all simulations, hot outflows carry most of the
energy.
Another important parameter of outflows is the spe-
cific energy es, defined as
es ≡ E˙out
M˙out
=
ηEESN
ηmm∗
. (7)
The upper panel of Fig. 2 shows es as a function of
ΣSFR, whereas the lower panel shows the same data as
a function of Σgas, plus data from Fielding et al. (2018).
For a pair of hot/cool outflows from any simulation,
es,h es,c. The ratio es,h/es,c is shown in the lower sub-
plot, which ranges from 10-1000. This means that for a
given gravitational potential, hot outflows can go much
further than the cool outflows. The right y-axis of the
upper panel shows the terminal velocity v ≡ (2es)1/2.
The data also suggest that es,h increases with ΣSFR
(and Σgas), but only weakly. A fitting formula for es,h
4Figure 2. Upper panel: specific energy es of hot (red) and
cool (blue) outflows as a function of ΣSFR. The right y-axis
shows the terminal velocity v ≡ √2es. The orange region
indicates the observed X-ray temperature of galactic coro-
nae compiled by Wang et al. (2016). The magenta cross is
from the best-fit parameter for hot outflows in M82 (Strick-
land & Heckman 2009). The lower subplot shows the ratio
es,h/es,c for each small-box simulation. Hot outflows have
es greater than the cool ones by a factor of 10–1000. Lower
panel: es,h as a function of Σgas. The dashed and dot-dashed
lines bracket the possible range of es,h (see text for details).
The actual es,h from small-box simulations have a narrower
range. The right y-axis shows the dark matter halo mass
with a potential φ = es. Hot outflows have es around the
potential of 1012±1 M halo.
is shown in the lower panel of Fig. 2,
es,h = 3.9× 1015
(
ΣSFR
M kpc−2 yr−1
)0.20±0.05
erg g−1.
(8)
Rewriting it in terms of the loading factors,
ηE,h
ηm,h
= 0.78
(
ΣSFR
M kpc−2 yr−1
)0.20±0.05
×(
m∗
100 M
)(
1051erg
ESN
)
.
(9)
The orange shaded area on the upper panel shows the
observed X-ray temperature of galaxy coronae as a func-
tion of ΣSFR, TX = 0.56±0.13 keV Σ0.08±0.05SFR , where
ΣSFR is in unit M kpc−2 yr−1 (Wang et al. 2016).
The scaling relation indicates a weak (and positive) de-
pendence of es,h on ΣSFR. Since TX includes only the
thermal part of the specific energy, it is expected to be
a lower limit to es,h. The small-box results are broadly
consistent with the observational constraints. The ma-
genta error bar indicates the best-fit parameters for the
hot outflows of M82, through detailed modelings of mul-
tiple metal lines and comparisons to X-ray observations
(Strickland & Heckman 2009) (with a relatively large
uncertainty on ΣSFR). This is consistent with the ex-
tension of the small-box results.
Note that over 4 orders of magnitude of ΣSFR and 3 or-
ders of magnitude of Σgas, es,h only varies within a factor
of 30, log es,h [erg g
−1] = 14.5-16. Admittedly, natural
limits exist for es,h. If es is too low the gas will not be
“hot”, so the lower limit of es,h is roughly es(5× 105 K)
= 1014 erg g−1. The upper limit of es,h is that of SNe
ejecta, i.e., es ∼ ESN/MSN ∼ 1051 erg/10M = 5×1016
erg g−1. The two limits are shown by the two black lines
in the lower panel of Fig. 2. Small-box results show that
es,h has a narrower range than these limits. Radiative
cooling and mass loaded from the ISM make the es,h
smaller than the upper limit, whereas the presence of
kinetic energy make es,h larger than the lower limit.
One can compare es to the potential well of dark mat-
ter halos φ (from the galaxy to infinity), which gives
simple estimates on whether or not outflows can escape
from the halo. The right y-axis of the lower panel of
Fig. 2 shows a mass of dark matter halo with φ = es,h
on the left y-axis, i.e., Mhalo(φ =es,h), where we use a
simple scaling relation,
φ =
1
2
(620 km s−1)2
(
Mhalo
1012M
)2/3
. (10)
All the red points are around log Mhalo [M] = 12± 1.
Since hot outflows are heavily metal-enriched, whether
5they can leave the halo have important implications for
metal loss in galaxy formation. The observed mass-
metallicity relation of galaxies reaches a plateau around
a stellar mass of 1010.5M, corresponding to a halo mass
of 1012 M(e.g. Tremonti et al. 2004; Mannucci et al.
2010; Andrews & Martini 2013). This plateau may exist
because metals cannot leave a system where hot outflows
are gravitationally bound.
The energy and metal loading factors are positively
correlated, as first pointed out and discussed in Creasey
et al. (2015). Their reported loading factors include all
outflow phases, and the results (from a few dozen runs
with varying Σgas, ΣSFR and ΣM) are represented by the
shaded region in the upper panel of Fig. 3. They found
that ηE/ηZ∼ 0.4. We add more data points from recent
simulations, shown by the scattered points on the upper
panel. While there is a general positive correlation be-
tween ηE and ηZ , the scatter is fairly large, with ηE/ηZ
ranging from 0.05-1.2.
We argue that a tighter correlation of ηE and ηZ
should exist if we include hot outflows only. This is sim-
ply because SNe enrich and create hot phases simultane-
ously. As a result, metals, like energy, are preferentially
retained in the hot phase. Indeed, hot outflows have a
larger metallicity than the the cooler phases and that of
the mean ISM (Mac Low & Ferrara 1999; Creasey et al.
2015; Li et al. 2017; Hu 2019). The lower panel of Fig.
3 show ηE,h versus ηZ,h. Not many data are available,
but interestingly enough, results from Li et al. (2017)
and Kim et al. (in prep) line up at
ηE,h
ηZ,h
∼ 0.46± 0.11. (11)
Notably, Hu (2019) has a much larger ηE,h/ηZ,h∼ 2.
The exact reason for this discrepancy is unclear, but
may be because there is no inter-particle diffusion in the
Lagrangian code Hu (2019) used; on the other hand, the
grid-based codes used by Li et al. (2017) and Kim et al.
(in prep) may have too much numerical diffusion. More
data are needed to further examine the possible corre-
lation of ηE,h and ηZ,h, and a careful modeling of metal
diffusion is essential to determine the precise scaling co-
efficient.
Finally, we show that the energy loading ηE is closely
related to whether a significant volume of the ISM is
in the low-density, hot phase, i.e. “breakout” condi-
tion. Quantitatively, we define the breakout condition as
when (a) the ISM has a volume-filling fraction of hot gas
fV,h& 0.4, or (b) the scale height of SNe is larger than
that of the cool gas layer, hSN/hc,ISM & 1.2; hc,ISM is
measured after SNe have made the ISM multiphase and
the cool ISM settles to a quasi-stable height. The non-
breakout condition is defined as (a) fV,h< 0.2, and (b)
Figure 3. ηE versus ηZ . The upper panel is for all phases,
and the lower panel for hot outflows only. The dashed di-
agonal lines indicate constant ηE/ηZ , with values shown on
the plots. There is a positive correlation between ηE and
ηZ , but the correlation is tighter when including hot out-
flows only (lower panel) . Some discrepancies exist. Li et al.
(2017) and Kim et al. (in prep) have ηE,h/ηZ,h∼ 0.5, whereas
Hu (2019) has ∼ 2. This may be due to the differences of
numerical diffusion in grid- and particle-based codes.
6Figure 4. Energy loading factors ηE versus ISM condi-
tion. See the text for the quantitative definition of “non-
breakout”, “partial breakout”, and “breakout” . Data are
spread horizontally for the right two groups to avoid crowd-
ing. ηE is consistently larger when ISM is in a breakout con-
dition. The horizontal dashed lines mark the rough bound-
aries of ηE for the three ISM conditions.
hSN/hc,ISM < 0.8. Conditions not satisfying “breakout”
or “non-breakout” are categorized as “partial breakout”.
The values used are somewhat arbitrary, but the results
are not sensitive to the exact choice; more data may help
refine the exact criteria.
We collect all results where ηE is reported and the ISM
condition can be determined – either from the reported
fV,h or from slices where hc,ISM can be measured. Note
here we use ηE instead of ηE,h to gain a larger sample
(many results to date do not have phase-separate loading
factors), with the knowledge that the hot outflows dom-
inate the energy flux (Fig. 1). Fig. 4 shows ηE versus
the ISM condition. To avoid crowding, we spread data
horizontally for the right two categories (for no physical
reason). Overall, we find a very good correlation be-
tween ηE and the ISM condition: ηE& 0.08 when ISM
is “breakout”; ηE. 0.01 when ISM is “non-breakout”;
ηE∼ 0.01-0.08 when ISM is “partial-breakout”. We note
that “partial-breakout”, in reality, can either be due to
the final, quasi-steady ISM state falling into the criterion
(Martizzi et al. 2016), or the ISM transitioning/cycling
between the non-breakout and the breakout states (Kim
& Ostriker 2018).
The correlation between ηE and the ISM condition
is not hard to understand: when the ISM has suffi-
cient low-density “holes”, cooling is inefficient and en-
ergy from new SNe is easy to vent through. This has
been confirmed observationally (Lopez et al. 2011) and
theoretically (e.g. de Avillez & Breitschwerdt 2004; Li
et al. 2015; Gatto et al. 2017; Steinwandel et al. 2019).
Generally, the breakout condition is from a sufficiently
large SNe density given a gas density. This is generally
easier to achieve with a low gas density (e.g. Li et al.
2015). In reality, effects that contribute to a breakout
include: clustered SNe forming superbubbles that break
out of the ISM (e.g. Mac Low & McCray 1988; Kim
et al. 2017; Fielding et al. 2018), some SNe exploding
at high latitude where gas densities are low (Li et al.
2017), physical processes such as gravity and other stel-
lar feedback creating an inhomogeneous medium (e.g.
Hopkins et al. 2012; Girichidis et al. 2016). Here we
simply show that once a significant fraction of the ISM
is in tenuous, hot condition, a significant fraction of SNe
energy (10-60%) can escape into the halo. This escaped
energy can have important implications, such as blow-
ing metals away, heating the circumgalactic medium
(CGM)/intergalactic medium (IGM), and ultimately,
regulating galaxy formation.
4. IMPLICATIONS
Hot outflows have a much larger specific energy than
the cool phases at launching sites. Thus the relative im-
portance of hot outflows and cool ones in different dark
matter halos varies: cool outflows are more important in
low-mass halos (M . 109−10M), since they can carry
lots of mass and metals out of the halo (Hu 2019; Emer-
ick et al. 2019). In higher mass halos (M & 1010−11M),
hot outflows would be much more important since most
mass and metals that cool outflows carry will simply fall
back to the galaxy. The way hot outflows impact galaxy
formation likely differs from that of cool outflows. Hot
outflows do not carry much mass, with ηm,h∼ 0.1−−2,
which even decreases with increasing ΣSFR(Zhang et al.
2014; Li et al. 2017). But they carry a significant frac-
tion of SNe energy (unless SNe do not break out from
the ISM) and are volume-filling. This means that hot
outflows may help suppress cosmic accretion, especially
the “hot” mode where gas comes in smoothly and spher-
ically (Rees & Ostriker 1977; Birnboim & Dekel 2003;
Nelson et al. 2013). In other words, hot outflows act
more as “preventive” feedback, by suppressing gas from
reaching galaxies in the first place, rather than “ejec-
tive” feedback by propelling gas out of galaxies (Dave´
et al. 2012).
Hot outflows carry lots of metals, which can travel
far distances because of their large es,h. This can have
important implications for the mass-metallicity relation
of galaxies (see Section 3) and the existence of metals
in the CGM and IGM (e.g. Tumlinson et al. 2017). The
7impact of hot outflows driven by SNe should be studied
in detail on large scales.
Furthermore, the possible tight correlation between
ηE,h and ηZ,h can constrain ηE,h which is hard to infer
observationally. Since the amount of “missing metals”
from galaxies have been constrained observationally(e.g.
Peeples et al. 2014; Erb et al. 2006), then using Eq. 11,
one can estimate the amount of energy released from
galaxies. This is potentially a useful way to constrain
the power of energy feedback to the CGM/IGM.
Galaxy formation models, including cosmological sim-
ulations and (semi-)analytic modeling, depend sensi-
tively on the parameters regarding galactic outflows (e.g.
Schaye et al. 2015; Pillepich et al. 2018; Forbes et al.
2019). Current cosmological simulations use ad hoc
models for galactic outflows. We advocate instead in-
corporating the hot SNe-driven outflows explicitly and
properly. This should be done separately from cool out-
flows, since mixing different phases can result in an un-
realistically high cooling rate. The energy/mass/metal
content of hot outflows can be added according to the
local ΣSFR. One technical convenience for implementing
hot outflows is that they do not require very high numer-
ical resolution. It is a critical step to evaluate how the
hot SNe-driven outflows transport metals and suppress
cosmic inflows in a realistic cosmological context.
The hot outflows and their impact on the CGM and
IGM are most directly probed by soft X-rays. Current
observations provide important constraints about hot
outflows/cosmic accretion, though generally limited to
radii . tens of kpc around massive galaxies. The situ-
ation can be greatly improved with the next generation
of X-ray telescopes, such as Athena, Lynx and HUBS.
The Sunyaev-Zel’dovich effect is another important way
to constrain the hot CGM, the data of which will come
in within years from low-noise CMB surveys using ACT,
Simons Observatory, the South Pole Telescope, and oth-
ers. In addition, hot outflows may partly become cooler
phases as they propagate beyond galaxies, due to radia-
tive cooling (Thompson et al. 2016), adiabatic expan-
sion, and/or uplifting and interacting with pre-existing
halo gas (Voit et al. 2017). The fate and impact of hot
outflows should be investigated in much greater detail.
5. SUMMARY AND FUTURE WORK
In this Letter, we summarize results from recent small-
box simulations of SNe-driven outflows, with loading
factors measured at ∼kpc above the launching sites.
We find unanimous agreement that the hot outflows are
much more powerful than the cooler phases. Further-
more, the hot outflows have intriguingly simple relations
among the three loading factors. Specifically,
1. The hot outflows have an energy flux 2-20 times
larger than the cool outflows (Fig. 1).
2. The specific energy of the hot outflows, es,h, is
10-1000 times greater than the cool outflows, in-
dicating that hot outflows can travel much further
away from the galaxy (Fig 2.).
3. es,h increases weakly with star formation rate sur-
face density, es,h ∝ ΣSFR0.2.
4. The narrow range of log es,h [erg g
−1] = 14.5-16
indicates that hot outflows cannot escape DM ha-
los with log Mhalo/M & 12 ± 1. This implies a
deep connection between the hot outflows and the
mass-metallicity relation of galaxies.
5. Tentative results show that ηE,h and ηZ,h have a
linear correlation (Fig. 3, Eq. 11). The correla-
tions among loading factors, i.e., Eq. 9 and 11, in-
dicate that for hot outflows, the three parameters
describing the loading efficiencies can be reduced
to one.
6. The one parameter of hot outflows is closely re-
lated to whether the ISM has a breakout condition
(Fig. 4).
Clearly, more data from small-box simulations are nec-
essary to robustly establish, or disapprove, the emerging
correlations of hot outflows. Many such simulations al-
ready exist (e.g. Girichidis et al. 2016; Marinacci et al.
2019; Muratov et al. 2015; Emerick et al. 2019; Vasiliev
et al. 2019), so only computing the phase-specific load-
ing factors is needed.
There is still a long way to go before fully understand-
ing how SNe drive multiphase outflows, as well as their
impact on galaxy formation. Future work for small-
box modelling includes, but is not limited to: investi-
gating the discrepancies among simulations (e.g. Fig
3); cover more the parameter space, e.g. extremely
high ΣSFR (up to 10
4 M yr−1 kpc−2 (e.g. Heckman
& Borthakur 2016); examine additional physics, such as
cosmic rays (Simpson et al. 2016); study the interaction
among different gas phases (e.g. Gronke & Oh 2019).
Future cosmological simulations with well-established,
physically-based feedback models are essential to a pre-
dictive galaxy formation theory.
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